We have investigated the substrate specificity of the Ogg1 protein of Saccharomyces cerevisiae (yOgg1 protein) for excision of modified DNA bases from oxidatively damaged DNA substrates using gas chromatography/isotope dilution mass spectrometry. 
INTRODUCTION
DNA damage generated by oxygen free radicals has been implicated in mutagenesis and carcinogenesis and may play a role in the pathogenesis of aging (reviewed in 1). Among oxygen-derived species the hydroxyl radical ( • OH) is highly reactive and produces a variety of lesions in DNA (reviewed in 2,3). Most of these lesions are substrates for DNA repair enzymes in prokaryotes and eukaryotes (reviewed in 4, 5) . Oxidized bases in DNA are primarily repaired by the base excision repair pathway (6) . In Saccharomyces cerevisiae the OGG1 gene encodes a protein of 376 amino acids, yOgg1 protein, which possesses a DNA glycosylase activity releasing 8-hydroxyguanine (8-OH-Gua) and 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine (me-FapyGua) (7, 8) . The yOgg1 protein is also endowed with an AP nicking activity catalyzing strand cleavage on the 3′-side of an AP site via a β-elimination reaction (7) (8) (9) . The catalytic mechanism implicates formation of a transient covalent imino enzyme-DNA intermediate, which can be trapped in the presence of sodium borohydrate (8, 9) . The results also show that Lys241 of yOgg1 protein is a crucial residue for catalytic activity but is not essential for DNA binding (9) . These data demonstrate that yOgg1 protein is a DNA glycosylase/AP lyase, as are other repair enzymes such as endonuclease III and Fpg protein of Escherichia coli (10) . Furthermore, yOgg1 protein-deficient strains of S.cerevisiae exhibit a GC→TA mutator phenotype, as do Fpg-deficient strains of E.coli (11) . The biological properties and the substrate specificity suggest that yOgg1 protein is a homolog of Fpg protein of E.coli. However, a comparison of the amino acid sequences does not reveal significant homology between yOgg1 and Fpg proteins (7) . In fact, homology searches indicate that yOgg1 protein probably shares a common ancestor gene with endonuclease III of E.coli (8) . Together these results suggest that yOgg1 protein is a functional analog of Fpg protein and probably a structural analog of endonuclease III.
To better understand the biological role and catalytic mechanism of yOgg1 protein it is essential to determine its substrate specificity and to compare it with that of related enzymes, such as Fpg protein and endonuclease III of E.coli. Fpg protein excises the imidazole ring-opened forms of guanine generated by various DNA damaging agents (12) . Fpg protein also releases three modified purines with similar efficacy, 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), 4,6-diamino-5-formamidopyrimidine (FapyAde) and 8-OH-Gua (13) (14) (15) (16) . Furthermore, Fpg protein has been shown to excise three other modified DNA bases with low or undetermined efficacy, 8-hydroxyadenine (8-OH-Ade), 5-hydroxycytosine (5-OH-Cyt) and 5-hydroxyuracil (5-OH-Ura) (15, 17) . However, the excision of 5-OH-Cyt and 5-OH-Ura by Fpg protein has not been confirmed using damaged DNA as substrates (16) . On the other hand, endonuclease III releases a variety of damaged pyrimidines (17) (18) (19) (20) (21) .
The objective of this work was to determine the ability of yOgg1 protein to excise modified bases from DNA damaged by different free radical-generating systems. We also wished to simultaneously measure the kinetics of excision of modified DNA bases and to compare their rates of excision. We utilized the technique of gas chromatography/isotope dilution mass spectrometry with selected ion monitoring (GC/IDMS-SIM) for measurement of excision of DNA lesions and their kinetic parameters (16) .
MATERIALS AND METHODS

Materials
Modified DNA bases, their stable isotope-labeled analogs and other materials for GC/MS were obtained as described (22) . Calf thymus DNA was purchased from Sigma Chemical Co. Irradiated DNA samples were prepared as described (16 
Preparation of the Ogg1 protein of Saccharomyces cerevisiae
Escherichia coli strain BH410 (fpg-1) and plasmid pYSB160 containing the OGG1 gene of S.cerevisiae were from our laboratory (9) . The yOgg1 protein was purified to apparent homogeneity from IPTG-induced BH410 hosting pYSB160 as previously described (9) . The yOgg1 protein used in this study was diluted in 25 mM Tris-HCl, pH 7.6, 2 mM EDTA, 100 mM NaCl and 30% glycerol (v/v) at a final concentration of 0.5 mg/ml protein as determined by the method of Bradford (23) . The specific activity of the yOgg1 protein preparation for excision of 8-OH-Gua was 25 000 U/mg protein as determined using calf thymus DNA exposed to methylene blue plus visible light as substrate and HPLC with electrochemical detection (7) . One unit releases 1 pmol 8-OH-Gua/15 min at 37_C.
Enzymatic assays
Aliquots of 100 µg DNA samples were dried in a SpeedVac under vacuum. Samples were dissolved in the incubation mixture containing 50 mM phosphate buffer, pH 7.4, 100 mM KCl, 2 mM EDTA and 2 mM dithiothreitol. Depending on the experiment, various amounts of yOgg1 protein were added to each mixture. The total volume of the mixture was 110 µl. Three replicates of each mixture were incubated at 37_C in a water bath. Incubation time varied depending on the experiment. As controls DNA substrates were incubated with inactivated enzyme or without the enzyme. Inactivation of the enzyme was achieved by heating at 140_C for 15 min.
For determination of excision as a function of the substrate concentration 15, 20, 25, 35, 50 and 75 µg damaged DNA were mixed with 85, 80, 75, 65, 50 and 25 µg undamaged DNA respectively. Additional samples containing 100 µg damaged or undamaged DNA were also used. Three replicates of these samples were incubated with or without 1 µg yOgg1 protein at 37_C for 30 min. Following incubation DNA samples were precipitated with 270 µl cold ethanol, kept at -20_C for 2 h and centrifuged at 10 000 r.p.m. for 30 min at 4_C. DNA pellets and supernatant fractions were separated. The recovery of DNA by precipitation with ethanol was nearly 100%.
Analysis by gas chromatography/mass spectrometry
Aliquots of stable isotope-labeled analogs of modified DNA bases were added as internal standards to pellets with known DNA amounts and to supernatant fractions. Pellets were dried under vacuum in a SpeedVac and then hydrolyzed with 0.5 ml 60% formic acid in evacuated and sealed tubes at 140_C for 30 min. The hydrolyzates were lyophilized in vials for 18 h. Supernatant fractions were freed from ethanol under vacuum in a SpeedVac and subsequently lyophilized for 18 h without prior hydrolysis. Both lyophilized supernatant fractions and hydrolyzates of DNA pellets were derivatized and then analyzed by GC/IDMS-SIM as described (16, 24) .
RESULTS
A DNA glycosylase activity of yOgg1 protein has been previously demonstrated, which releases free 8-OH-Gua from oligonucleotides containing the modified purine embedded at a defined position and me-FapyGua from alkylated DNA (7, 9) . However, no other modified bases have been shown to be substrates of this enzyme, especially using oxidatively damaged DNA substrates containing a multitude of base lesions. In this work we used four different DNA substrates damaged under various experimental conditions. Sixteen modified bases were identified and quantified by GC/IDMS-SIM in these DNA substrates (16, 20, 25) . These were FapyGua, 8-OH-Gua, FapyAde, 8-OH-Ade, 2-hydroxyadenine, 5-hydroxy-5-methylhydantoin, 5-hydroxyhydantoin, 5-OH-Ura, 5-OH-Cyt, 5-(hydroxymethyl)uracil, thymine glycol, 5,6-dihydroxyuracil, 5,6-dihydrothymine, 5,6-dihydrouracil, 5-hydroxy-6-hydrothymine and 5-hydroxy-6-hydrouracil. Of these lesions yOgg1 protein efficiently excised 8-OH-Gua and FapyGua from DNA γ-irradiated under N 2 O or air. However, yOgg1 protein only released FapyGua from H 2 O 2 /Fe-EDTA/ascorbate-treated DNA and 8-OH-Gua from H 2 O 2 /Cu-treated DNA. Other lesions were not significantly excised from any of the DNA substrates. The levels of 8-OH-Gua and FapyGua in the four DNA substrates were as follows (lesions/10 3 DNA bases): FapyGua 1.46 ± 0.12 and 8-OH-Gua 1.05 ± 0.27 in DNA γ-irradiated under N 2 O; FapyGua 0.64 ± 0.03 and 8-OH-Gua 1.19 ± 0.04 in DNA γ-irradiated under air; FapyGua 2.20 ± 0.01 and 8-OH-Gua 1.02 ± 0.04 in DNA exposed to H 2 O 2 /Fe-EDTA/ascorbate; FapyGua 0.20 ± 0.02 and 8-OHGua 3.05 ± 0.12 in DNA exposed to H 2 O 2 /Cu. As an example, Figure 1 illustrates excision of these modified bases from DNA γ-irradiated under N 2 O. The levels in the supernatant fractions of DNA substrates incubated with active yOgg1 protein were similar to those removed from the pellets of the same DNA substrate, unequivocally proving excision of the lesions. Excision of 8-OH-Gua and FapyGua increased as a function of enzyme amount and incubation time. The levels of the lesions increased, approaching a plateau at enzyme amounts >4 µg (data not shown). An amount of 1 µg yOgg1 protein/100 µg DNA was used for all following experiments. Figure 2 illustrates excision of 8-OH-Gua and FapyGua from DNA γ-irradiated under N 2 O as a function of incubation time. No additional excision was observed at times >60 min. Kinetic constants were obtained from measurements at seven different concentrations of each lesion. Concentration ranges were: FapyGua 1.03-4.14 µM and 8-OHGua 0.77-2.97 µM in DNA γ-irradiated under N 2 O; FapyGua 0.54-1.83 µM and 8-OH-Gua 1.25-3.39 µM in DNA γ-irradiated under air; FapyGua 1.86-6.24 µM in DNA exposed to H 2 O 2 /Fe-EDTA/ascorbate; 8-OH-Gua 2.77-8.66 µM in DNA exposed to H 2 O 2 /Cu. Lineweaver-Burk plots were utilized to determine the kinetic constants (26) . Initial velocities were estimated using the plots of excision as a function of time for each excised lesion. Figure 3 illustrates representative LineweaverBurk plots. The kinetic constants were obtained by a linear least squares analysis of the data and are given in Table 1 .
The k cat values for excision of 8-OH-Gua and FapyGua from DNA γ-irradiated under N 2 O were similar, whereas the k cat value for FapyGua excision was 2-fold higher than that for 8-OH-Gua excision from DNA γ-irradiated under air. Among the DNA substrates the highest k cat value was that of 8-OH-Gua excision from H 2 O 2 /Cu-treated DNA. The highest K m value for 8-OHGua excision was also observed for this DNA substrate, followed by the K m value for FapyGua excision from DNA γ-irradiated under N 2 O. The specificity constant (k cat /K m ) for excision of 8-OH-Gua from DNA γ-irradiated under N 2 O was 4-fold greater than that for excision of FapyGua, indicating a preference of yOgg1 protein for excision of the former lesion from this DNA substrate. In contrast, the enzyme had a similar preference for excision of these two lesions from DNA γ-irradiated under air, although the concentration range of 8-OH-Gua was 2-fold greater than that of FapyGua. The k cat /K m values for excision of FapyGua and 8-OH-Gua from H 2 O 2 /Fe-EDTA/ascorbate-treated and H 2 O 2 /Cu-treated DNA respectively were similar to those obtained for excision of the same lesion from DNA γ-irradiated under air. It is important to note that 8-OH-Gua and FapyGua were not excised from H 2 O 2 /Fe-EDTA/ascorbate-treated and H 2 O 2 /Cu-treated DNA respectively (Table 1 ). In contrast, both lesions were excised from H 2 O 2 /Fe-EDTA/ascorbate-treated DNA by E.coli Fpg protein (16) . Together these results indicate a marked variation in rates of excision by yOgg1 protein among the lesions and DNA substrates.
DISCUSSION
The results of this work show the ability of the Ogg1 protein of S.cerevisiae to excise 8-OH-Gua and FapyGua from oxidatively damaged DNA. Formerly the methylated form of a purine lesion (me-FapyGua) was shown to be a substrate of yOgg1 protein (7) . The present work is the first to report on excision of guaninederived lesions from oxidatively damaged DNA by this enzyme. Four different DNA substrates were used for these studies. Each DNA substrate contained a variety of pyrimidine-and purine-derived lesions, which were formed in DNA by reactions of • OH and also by reactions of hydrated electron and H atom in the case of DNA γ-irradiated under N 2 O (2,3). Thus this work differs from studies of substrate specificities of repair enzymes that use oligonucleotides having a single lesion embedded at a defined position (14, 27) .
The results show that yOgg1 protein is highly specific for guanine-derived lesions in oxidatively damaged DNA and thus differs from Fpg protein, which is its functional homolog in E.coli (7) . The major difference between substrate specificities of these two proteins is that Fpg protein possesses an additional specificity for the adenine lesion FapyAde (13, 15, 16) . Furthermore, yOgg1 protein only releases FapyGua from H 2 O 2 /Fe-EDTA/ascorbatetreated DNA, whereas Fpg protein releases both FapyGua and 8-OH-Gua from the same DNA substrate (16) . Kinetic constants for excision of FapyGua and 8-OH-Gua by these proteins, which were measured under similar experimental conditions, also significantly differ from one another (16 and this work). These differences between substrate specificities of the two enzymes may be explained by previously reported differences between their mechanisms of action. Thus cleavage by yOgg1 protein and Fpg protein of DNA duplexes containing a single 8-OH-Gua, which was mismatched with one of the four DNA bases, showed discernible differences (7) (8) (9) . The yOgg1 protein displayed a marked preference for 8-OH-Gua opposite Cyt, the order of cleavage efficiency being 8-OH-Gua:Cyt > 8-OH-Gua:Thy >> 8-OH-Gua:Gua > 8-OH-Gua:Ade, whereas Fpg protein excised 8-OH-Gua from 8-OH-Gua:Cyt and 8-OH-Gua:Thy pairs with similar efficiencies (27) . Furthermore, yOgg1 protein has a marked preference for AP sites opposite Cyt, whereas Fpg protein cleaves AP sites opposite any one of the four DNA bases (9) . These facts suggest that yOgg1 protein requires a Cyt residue opposite a lesion to efficiently catalyze the excision reaction, which in turn could explain why yOgg1 protein does not excise FapyAde from FapyAde:Thy pairs in damaged DNA. Taken together the results strongly suggest that these enzymes significantly differ from each other and use different catalytic mechanisms. On the other hand, we cannot exclude the possibility that yOgg1 protein expressed in yeast is different from that produced in E.coli. It was nearly impossible to isolate yOgg1 protein from wild-type yeast and we have not been able to overproduce it in yeast. However, a nearly exclusive repair of the 8-OH-Gua:Cyt pair by yOgg1 protein has been observed with both the yOgg1 protein in yeast extracts (11) and that purified from E.coli (9) , which is the same as used in this work. These facts suggest that yOgg1 proteins, whether isolated from yeast or from E.coli, possess identical properties. Recently a ribosomal DNA repair enzyme (S3 protein) has been isolated from Drosophila (28) . Similar to yOgg1 protein, this enzyme has been shown to efficiently excise 8-OH-Gua and FapyGua from oxidatively damaged DNA (29) .
Excision of 8-OH-Gua and FapyGua by yOgg1 protein significantly varied among the DNA substrates. The specificity constant for excision of 8-OH-Gua from DNA γ-irradiated under N 2 O was 4-fold greater than that for excision of FapyGua, indicating a preference of yOgg1 protein for excision of the former lesion from this DNA substrate. In contrast, yOgg1 protein had a similar preference for excision of these two lesions from DNA γ-irradiated under air, although the concentration range of 8-OH-Gua was 2-fold greater than that of FapyGua. Furthermore, FapyGua and 8-OH-Gua were not excised at detectable rates from H 2 O 2 /Cu-treated and H 2 O 2 /Fe-EDTA/ascorbate-treated DNA respectively. The finding that kinetics of excision of guanine-derived lesions by yOgg1 protein may vary depending on the nature of DNA substrate is in good agreement with the results of other studies on kinetics of excision of purine lesions by E.coli Fpg protein (16) . One possible explanation for the observed differences in excision kinetics is that free radicals generated under different conditions yield a different, sequencedependent distribution of lesions. The most obvious impact of the different distributions of lesions may be through mass action effects on the rates of enzymatic reactions. The effect of the sequence surrounding the lesions may significantly affect the formation of lesions and/or their enzymatic recognition. In particular, this may be valid in the case of H 2 O 2 /Cu-treated DNA. Cu(II) ions are known to form a complex with Gua in DNA (30) and thus mediate site-specific damage to these sites, causing preferred formation of Gua and Cyt lesions in DNA, such as 8-OH-Gua and 5-OH-Cyt (31, 32) . Another reason why FapyGua was not excised from H 2 O 2 /Cu-treated DNA may be the 15-fold greater concentration of 8-OH-Gua than that of FapyGua and/or inhibition of FapyGua excision by 8-OH-Gua. In the case of H 2 O 2 /Fe-EDTA/ascorbate-treated DNA, however, the concentration of FapyGua was only 2-fold greater than that of 8-OH-Gua. Nevertheless, no significant excision of 8-OH-Gua was observed from this DNA substrate. These results may indicate strong competition between the substrates for excision and/or inhibition of one substrate by the released one.
In conclusion, the Ogg1 protein from S.cerevisiae efficiently excises 8-OH-Gua and FapyGua from oxidatively damaged DNA. The finding that kinetics of excision of 8-OH-Gua and FapyGua vary greatly depending on the free radical-generating system used to damage DNA may have biological implications. Indeed, the mutagenic and/or carcinogenic potency of the same free radical-induced base damage may be different if produced by an agent inducing lesions in a 'context' of low or high repair by DNA glycosylases such as yOgg1 protein and the human counterpart hOgg1 protein (33, 34) .
